Salmo salar L. post-smolts and its influence on the outcome of secondary infections with infectious salmon anaemia (ISA) virus (ISAV) or Vibrio salmonicida were studied. The infections with ISAV or V. salmonicida were performed both in a period of acute IPN and in the following IPNV carrier stage, 3 and 6 to 8 wk after experimental IPNV challenge, respectively. An IPNV carrier condition at low virus titre did not influence the mortality rates after secondary infections. Neither the ISAV infection nor the V. salmonicida infection in experimentally induced IPNV carriers resulted in mortalities different from those observed after challenge of IPNV-free fish. At higher IPNV titres in Atlantic salmon with acute IPN, the outcome of secondary infections was quite different from that observed in IPNVfree fish and in IPNV carriers. In 2 different experiments significantly more fish died when fish with acute IPN were infected with V. salmonicida than when fish were infected with V. salmonicida alone. Mortality also started earlier in the double-infected group than in the group challenged with V. salmonicida alone, 3 to 4 and 8 d after V. salmonicida infection, respectively. Similar results were observed independent of whether mortalities due to IPN alone were registered in the experiments. When Atlantic salmon with acute IPN were infected with ISAV, significantly fewer fish died than when fish were infected with ISAV alone. The ongoing IPNV infection seemed to provide some protection against development of ISA.
INTRODUCTION
Infectious pancreatic necrosis (IPN) virus (IPNV) is known to cause acute IPN in young hatchery-reared salmonids (Snieszko et al. 1959 , Dorson & Torchy 1981 . Natural outbreaks of IPN in older salmonids have also been reported (Roberts & McKnight 1976 , Krogsrud et al. 1989 , Smail et al. 1992 . In Norway, farmed Atlantic salmon Salmo salar L. carrying the virus are very common (Melby et al. 1991) , and the disease has become a significant contributor to post-smolt mortalities (Jarp et al. 1994) . Because of the common situation with asymptomatic virus carriers, there is a great possibility that IPNV occasionally co-exists with other pathogens in the fish. Some reports describe natural double infections with IPNV and other viruses or bacteria in rainbow trout Oncorhynchus mykiss (Mulchahy & Fryer 1976 , La Patra et al. 1993 , Evensen & Lorenzen 1997 . Viral interference between several fish viruses has been shown experimentally. Young rainbow trout infected with IPNV and later exposed to viral haemorrhagic septicaemia virus or infectious haematopoietic necrosis virus (IHNV) showed greater survival than parallel groups of trout not previously infected with IPNV (de Kinkelin et al. 1992) . Furthermore, protection against IHNV in juvenile rainbow trout was registered for 4 wk after a cutthroat trout virus (CTV) infection (Hedrick et al.1994) , while resistance to IHNV lasted up to 8 wk after a chum salmon reovirus (CSV) infection (La Patra et al. 1995) . Reports on the interaction between viruses and bacteria in experimentally infected fish are rather few, but recently Lee et al. (1999) reported double infections with IPNV and Vibrio carchariae in grouper Epinephelus sp. No mortality was registered in fish experimentally infected with IPNV or V. carchariae alone. Only double-infected fish died, suggesting a mutual role of the 2 pathogens in disease development.
There is still little knowledge about what influence an IPNV carrier condition may have on the general health of Atlantic salmon and the development of diseases. We have studied experimental IPNV infections in Atlantic salmon and potential influences on the outcome of both a viral and a bacterial secondary infection. To our knowledge this is the first report comparing the role acute IPN or an IPNV carrier condition may play in the development of secondary diseases. The present study shows how IPNV infections may interfere with infectious salmon anaemia (ISA) virus (ISAV) or Vibrio salmonicida infections in smoltified Atlantic salmon after transfer to seawater. ISAV is an aquatic orthomyxovirus causing ISA (Mjaaland et al. 1997 , Sommer & Mennen 1997 . ISA has been a problem in farmed salmon in Norway for many years and recently the disease has been detected in farmed salmon in Scotland and Canada (Lovely et al. 1999 , Rowley et al. 1999 . V. salmonicida causes cold water vibriosis, which is a disease well known to the salmon farming industry.
MATERIALS AND METHODS
Challenge material, propagation and titration. IPNV: Whole fry collected during an outbreak of IPN on the west coast of Norway were kindly provided by Torunn Taksdal (Central Veterinary Laboratory, Oslo, Norway). The fry were homogenated in phosphate buffered saline to a final dilution of 5% (w/v) and sonicated on ice for 1 min. After centrifugation at 2000 × g for 10 min at 4°C, the supernatants were harvested and filtered through a 0.8 µm sterile filter and then through a sterile 0.22 µm filter (Millipore). The isolated IPNV, of the Sp serotype, was used in all experiments after one passage in the Chinook salmon embryo (CHSE)-214 cell line. Monolayer cultures of CHSE-214 cell line (Lannan et al. 1984) were used for IPNV propagation, titration and virological examinations. The cells were cultured at 20°C in 175 cm 2 tissue culture flasks (Nunclon) containing Eagle's minimum essential medium (EMEM, Gibco) supplemented with antibiotics, 1% non-essential amino acids, 200 mM L-glutamine and 8% foetal calf serum (FCS, HyClone). For virus propagation the FCS content was reduced to 2%. The IPNV isolate to be used for challenge was added at a multiplicity of infection of 0.1 and incubated until a complete cytopathic effect (CPE) as evident. The infected cell cultures were kept frozen at -80°C until the day of challenge. They were then thawed and the supernatant was centrifuged for 15 min at 2000 × g at 4°C to remove cell debris and kept on ice until challenge. A small aliquot of the material was frozen separately and was used for determination of TCID 50 (50% tissue culture infective dose) by end-point dilution (Reed & Muench 1938) in 8 parallels on CHSE-214 cells in 96-well plates (Nunclon). Harvested cell culture medium from uninfected cell cultures was used for mock infection of control fish.
ISAV:
The ISAV used in all our experiments were originally isolated from an ISA outbreak in 1992 on the west coast of Norway. This material has later been used as original material and after reisolation in several experiments. Pooled tissue homogenate of kidney, liver and spleen (5% w/v in phosphate buffered saline, PBS) collected from moribund ISAV-infected Atlantic salmon was used in Expt 1. The tissue homogenate containing ISAV was tested and found negative for IPNV in 3 passages in CHSE-214 cells. After a prechallenge experiment with different dilutions of this material, the concentration giving approximately 50% cumulative mortality was chosen. A plasma pool collected from fish in the early acute phase of experimentally induced ISA was used for cell culture production of ISAV for Expt 3. The viruses in the plasma pool were crudely purified and concentrated by ultracentrifugation on a discontinuous 30% over 60% sucrose gradient before addition to the Atlantic salmon (AS) cell line (Nicholson & Byrne 1973) . The second passage of ISAV propagated in the AS cells (ISAV02/97) was used in Expt 3. The material contained 5 × 10 4 infectious particles ml , determined by use of haemadsorption centre assay (HACA) (Sommer & Mennen 1997) . A 1:10 dilution of this material, giving acute ISA with approximately 90% cumulative mortality in prechallenges, was used for challenge.
Vibrio salmonicida: Strain NCMB 2262, reisolated from Atlantic salmon, was grown for 48 h at 12°C on an orbital shaker in 125 ml flasks containing 25 ml marine broth (Difco) supplemented with 1% NaCl. Bacteria were centrifuged and resuspended in 0.9% NaCl before use. Before each of Expts 1 and 2, three 10-fold dilutions of V. salmonicida suspensions were tested in prechallenges. The dilution of V. salmonicida giving a cumulative mortality of about 50% was used for challenge.
IPNV carrier tests. About 3% of each new batch of unchallenged fish was tested for IPNV carriers 6 wk before, at the start of, and at the end of each of the 3 experiments, according to Hetrick (1989) . Head kidneys were homogenated and seeded onto CHSE-214 cells in 25 cm 2 cell culture flasks (Nunclon). Samples from 2 individuals were seeded in each flask. Three blind passages were done and no IPNV-positive pools were found (i.e., containing < 20 infectious particles g -1 tissue, which was the lower detection level).
Challenge experiments. The effects of an acute or a persistent IPNV infection on the mortality following secondary infections with ISAV or Vibrio salmonicida were examined in 3 separate experiments. Unvaccinated Atlantic salmon of the Norwegian NLA (Norsk Lakseavl, Sunndalsøra, Norway) stock, hatcheryreared at the Aquaculture Research Station AS in Tromsø, Norway, were used. Before the experiments the fish were kept under ordinary production conditions in running fresh water and they were fed commercial dry feed (Skretting, Stavanger, Norway). The fish were subjected to a temperature of 7°C and continuous light 6 wk before transfer to seawater. The smoltification process was monitored by 24 h seawater challenge tests (Blackburn & Clarke 1987) to ensure that the fish were optimally smoltified at their transfer to seawater.
Previous experiments in our laboratory have shown that after an experimental IPNV infection the virus titres increase and reach a maximum of 10 5 to 10 8 TCID 50 g -1 tissue 3 to 4 wk after infection. The titres then decrease to about 10 2 to 10 4 TCID 50 g -1 tissue 6 to 8 wk after infection (authors' unpubl. results). Thus, the secondary infections were performed both in a period of acute IPN and in the following IPNV carrier stage, 3 and 6 to 8 wk after experimental IPNV challenge, respectively. All experiments were run until mortality started in the non-inoculated cohabitant groups. In Expt 1, 340 smolts with an average weight of 50 g were transferred to seawater and bath challenged for 4 h with IPNV at a titre of 10 4.85 TCID 50 ml -1
. The same number of smolts was mock infected in a separate tank with harvested cell culture medium from non-infected cell cultures. The experiment was run for 13 wk. One, 2, 3 and 6 wk after IPNV challenge, 6 IPNV-infected and 6 uninfected fish were killed and head kidneys sampled and frozen at -80°C for later IPNV titre tests. The lower IPNV detection level was 10 2.25 TCID 50 g -1 tissue. IPNV titres were also determined in head kidney homogenates from dead fish. Three weeks after IPNV challenge, 60 IPNV infected and 60 uninfected post-smolts were injected intraperitoneally (i.p.) with 5 × 10 5 Vibrio salmonicida (0.5 ml)
per fish. The same number of fish was inoculated i.p. with 0.5 ml (0.5% w/v) tissue homogenate containing ISAV. The 4 groups were kept in separate tanks, each including 10 non-inoculated cohabitants. The ISAV challenge of 60 IPNV infected and 60 uninfected fish was repeated 8 wk after the IPNV bath challenge. The interference between a primary IPNV infection and a secondary Vibrio salmonicida infection during acute IPN was also studied in a second challenge test. In Expt 2, 200 smolts with an average weight of 52 g were bath challenged with IPNV, as described for Expt 1. Two hundred mock-infected controls were held in a separate tank. The experiment was run for 9 wk. IPNV titre tests were done 1, 3, 4 and 6 wk after IPNV challenge, as described for Expt 1. Three and 6 wk after IPNV bath challenge 50 infected and 50 uninfected post-smolts were inoculated i.p. with 10 5 V. salmonicida (0.5 ml) per fish and put in separate tanks, each including 10 non-inoculated cohabitants. Virus titres were determined in head kidney homogenates from dead fish infected with IPNV alone or with both IPNV and V. salmonicida to study whether V. salmonicida would affect the IPNV infection in terms of virus propagation.
The viral interference between a primary IPNV infection and a secondary ISAV infection during acute IPN was also studied in a second challenge test. In Expt 3, 200 unvaccinated post-smolts with an average weight of 100 g were bath challenged with IPNV, as in the previous 2 experiments. Two hundred mock infected controls were held in a separate tank. Three weeks after IPNV bath challenge, 43 infected fish and 50 uninfected control fish were inoculated i.p. with 0.5 ml ISAV (5 × 10 3 i.u. ml -1
) and put in separate tanks, each including 10 non-inoculated cohabitants. The experiment was run for 10 wk. IPNV titre tests were done on 6 IPNV-infected fish 1, 2, 3, 4 and 10 wk after IPNV challenge and on 6 uninfected fish 1, 3 and 10 wk after IPNV challenge, as described for Expt 1.
Virological identification. IPN was verified by reisolation and titration of IPNV from the head kidneys and pyloric caecae of dead or moribund fish. The lower IPNV detection level was 10 2.25 TCID 50 g -1 tissue. In addition, IPNV was detected in pancreatic tissue by an immunohistochemical procedure mainly as described by Evensen & Rimstad (1990) . Rabbit antiserum against IPNV serotype Sp (produced at our laboratory) or the monoclonal antibodies anti-VP3 and anti-VP2 (kindly provided by K. E. Christie, Intervet Norbio Ltd, Bergen, Norway) were added to the sections as primary antibodies, while biotinylated swine anti-rabbit immunoglobulin (Ig) (DAKO) or biotinylated rabbit anti-mouse Ig (DAKO) was used as a secondary antibody.
ISA was verified in dead fish by typical macroscopic signs of disease and by an indirect fluorescent antibody technique (IFAT) applied on liver and kidney imprints from 10 fish in each experiment using rabbit antiserum against ISAV (produced at our laboratory) followed by fluorescein isothiocyanate (FITC)-conjugated swine anti-rabbit Ig (DAKO).
Bacterial identification. Cold water vibriosis was verified by reisolation of Vibrio salmonicida in head kidney samples from dead fish on marine agar plates (oxoid agar). To ascertain the absence of any bacterial infections in fish infected with virus alone and any bacterial infections other than cold water vibriosis in V. salmonicida-infected fish, samples taken aseptically from head kidneys of all dead or sampled moribund fish were also inoculated onto blood agar (oxoid blood agar base no. 2 with 2% human red blood cells and 1.5% NaCl), brain heart infusion broth/Coomassie blue agar (BHI, Difco, in oxoid agar no. 3 supplemented with 0.005% Coomassie brilliant blue) and marine agar and incubated at 12°C for 3 d. Single colonies were studied by microscopy and tested with diagnostic test kits containing antibodies against V. salmonicida, Vibrio anguillarum and Aeromonas salmonicida, subsp. salmonicida (Mono-Vs, -Va andAs, BIONOR, Skien, Norway). Only bacteria belonging to the normal flora of the fish were occasionally detected.
The number of live fish sacrificed and sampled during the experiments was subtracted from the population to calculate cumulative moralities. The χ 2 -test was used for comparison of mortalities in 2 replicate tanks or in 2 groups of fish.
RESULTS

Mortalities in the interference experiments
Secondary infections during an acute stage of IPN (3 wk after IPNV bath challenge)
In Expt 1, mortality due to ISA in Atlantic salmon post-smolts previously exposed to IPNV was significantly less (p < 0.001, χ 2 -test) than that in fish infected with ISAV alone. The cumulative mortalities in the 2 groups were 28 and 68%, respectively (Fig. 1a) . Cumulative mortality in the group infected with IPNV alone was 3% during the 13 wk the whole trial lasted. The ongoing IPNV infection seemed to provide a protection against ISA. These results were confirmed in another ISAV challenge in Expt 3. This time the ISAV infection alone caused a cumulative mortality as high as 98%, but still significantly fewer fish (73%) died in the ISAV group previously exposed to IPNV (p < 0.05, χ 2 -test) (Fig. 1b) . A total of 15% challenged with IPNV alone died during the whole trial.
Quite the opposite was observed after a secondary bacterial infection. In Expt 1, significantly more fish died after challenges with both IPNV and Vibrio salmonicida (38%) than with V. salmonicida alone (15%), (p < 0.02,, χ 2 -test) (Fig. 2a) . Mortality also started earlier in the double infected group than in the group challenged with V. salmonicida alone, 4 and 8 d after V. salmonicida infection, respectively. These results were repeated in Expt 2, where cumulative mortality reached 77% in the double-infected group, versus 55% in the group challenged with V. salmoni- cida alone (p < 0.02, χ 2 -test) (Fig. 2b) . As observed in the first experiment, mortality started in the double infected group at Day 3 after V. salmonicida infection, followed 5 d later in the group challenged with V. salmonicida. A total of 30% died in the groups infected with IPNV alone during the whole 9 wk trial, compared with 3% in Expt 1.
Secondary challenges during the IPNV carrier stage (6 to 8 wk after IPNV bath challenge) No significant differences in cumulative mortalities after secondary infections were observed between IPNV-infected fish and IPNV-free fish (Fig. 3a,b ). An experimental IPNV carrier condition was now established with low IPNV titres or no titres detected at all. No fish died due to IPN in this period.
IPNV-challenged fish
Overall, the IPNV infections in the 3 experiments developed quite similarly, even though some variations in titres and frequency of IPNV-positive fish were detected (Table 1) . Some of the first samples taken 1 wk after infection were IPNV positive, but the highest titres and the highest frequency of IPNV-posi- tive samples occurred 3 to 4 wk after IPNV challenge in all the experiments. By Week 6 after infection the titres had decreased markedly, but IPNV was still detected in some of the samples. In Expt 3 all samples taken 10 wk after IPNV challenge were IPNV negative (results not shown). The cumulative mortality due to IPN differed in the 3 experiments: 3% died in Expt 1, 30% in Expt 2 and 15% in Expt 3 (Figs 1 to 3 ). Fish dead after the IPNV challenges had petheciae in the pyloric caecae, empty stomachs, ascites in their body cavities and a milky cohesive mucus in the anterior intestine. Hearts, livers and spleens were generally pale. Fish that were killed after Day 21 of the experiments also had some or all of these signs of disease. Fish that died due to acute IPN had IPNV titres varying between 10 6 and 10 8 TCID 50 g -1 tissue (Table 2) , and no bacterial pathogens were detected. By immunostaining, massive amounts of IPNV were detected in areas of degenerating and necrotic pancreatic tissue from moribund or dead fish (results not shown). This was not found in uninfected control fish or in pancreatic tissue from fish infected with ISAV, used as control. No uninfected control fish died during the 3 experiments and no IPNV carriers were detected.
Vibrio salmonicida-and ISAV-challenged fish
Vibrio salmonicida was isolated from head kidneys of all fish that died after V. salmonicida challenges, and the fish had the typical macroscopic signs of a cold water vibriosis infection: petechiae in the skin and at the basis of the fins, enlarged yellow liver and a yellow fluid in the intestine. In Expt 2 the IPNV titres detected in dead fish secondarily infected with V. salmonicida during acute IPN were lower overall than those in fish that died after the IPNV infection alone (Table 2) , and 2 samples were IPNV negative. The same situation was seen when the secondary infection with V. salmonicida was done in an IPNV carrier stage. In fact, in this period IPNV was not detected in 8 of 14 dead double-infected fish. This showed that the secondary V. salmonicida infection did not reactivate the IPNV infection in terms of increasing IPNV titres.
Fish that died after ISAV challenges showed the macroscopic changes typical of acute ISA, with pale gills and heart and low haematocrit values due to anaemia, a dark, haemorrhagic liver, petechiae in perivisceral fat and massive amounts of ascites in the body cavity. In addition, ISAV was detected by indirect fluorescent antibody technique in all liver and kidney imprints examined (results not shown). 
DISCUSSION
Because of the common IPNV carrier condition and the increase in IPN-related problems in post-smolts over the last several years, it is important to attain more knowledge about different aspects of IPNV infections. The present study shows that an IPNV carrier condition at low virus titre does not influence the mortality rates after secondary infections. Neither an ISAV infection nor a Vibrio salmonicida infection in experimentally induced IPNV carriers resulted in mortalities different from those observed after challenge of IPNVfree fish. The virus titres and frequency of IPNV-positive fish detected 6 to 8 wk after IPNV challenge were consistent with those reported from natural IPNV carrier conditions in salmonid fish (Yamamoto 1975 , Hedrick & Fryer 1982 . Similar virus titres were also observed 6 wk after IPNV challenge in individuals that had been secondarily infected with V. salmonicida 3 wk earlier. No indication of IPNV reactivation due to the bacterial infection was found. In fact IPNV could not be detected in many of the double-infected fish, but more extensive virus titre studies are needed before any final conclusions can be drawn. We did not investigate the IPNV titres in fish double infected with IPNV and ISAV, but Melby & Falk (1995) have reported that an ISAV infection did not affect a natural IPNV carrier condition in Atlantic salmon with respect to virus titre development and specific IPNV antibody production. Recently, Damsgård et al. (1998) reported that feed intake and growth in Atlantic salmon were not influenced by low IPNV titres. These reports support our observations that an IPNV carrier condition at low virus titre in the Atlantic salmon does not seem to have a measurable negative impact on the general health of the fish and thus on their susceptibility to diseases. Nevertheless, it cannot be concluded that the commonly observed IPNV carrier condition among Atlantic salmon presents no risk to fish health. A reactivation of IPNV causing outbreaks of IPN after transfer to seawater may be initiated by different forms of environmental stress, such as transport, handling, crowding, temperature or salinity shock (Roberts & McKnight 1976 , Stangeland et al. 1996 , none of which has been studied in our experiments. Furthermore, it is observed that during an IPNV carrier condition the amount of virus may fluctuate from not detectable to relatively high titres (Hedrick & Fryer 1982) .
At higher IPNV titres in Atlantic salmon with acute IPN we have shown that the outcome of secondary infections is quite different from that observed in IPNV-free fish and in IPNV carriers. Significantly more fish died when fish with acute IPN were infected with Vibrio salmonicida than when fish that where infected with V. salmonicida alone. Similar results were observed in 2 different experiments, independent of whether mortalities due to IPN were registered in the experiments. This shows that the increased mortality was not just a result of adding up the individual mortalities due to the 2 different pathogens, but rather it suggests a mutual role in disease development. We did not study the cause of mortality using methods that can correlate the presence of either of the 2 agents to specific pathological lesions, but both pathogens were detected in samples from dead fish. Besides increasing the cumulative mortality, double infections with IPNV and bacteria may limit the effect of treatment with antibiotics because Atlantic salmon showing high IPNV titres generally have poor appetite, as shown by Damsgård et al. (1998) .
The mechanisms behind interactions between viral and bacterial infections in a host are complex and not well understood. Invading bacteria elicit a respiratory burst response in fish phagocytes and the ability to kill Aeromonas salmonicida has been correlated to an enhanced capacity to produce reactive oxygen species (Graham et al. 1988) . Phagocytes may also serve as host cells for different viruses. IPNV infection and replication in leukocytes from salmonids has been reported (Yu et al. 1982 , Knott & Munro 1986 , Johansen & Sommer 1995b . We have previously reported that cultures of head kidney macrophages isolated from Atlantic salmon show reduced ability to produce intracellular O 2 -after infection by IPNV in vitro (Johansen & Sommer 1995a ). In preliminary studies we have also shown that the O 2 -production in head kidney macrophages isolated from IPNV carriers is not reduced compared with IPNV-free controls, while the ability to produce O 2 -in macrophages isolated from fish with acute IPN is reduced (unpubl.). The decreased O 2 -production, and thereby antibacterial defence, may be one explanation for why fish with acute IPN have increased mortality compared with IPNV carriers and IPNV-free fish, when infected with V. salmonicida.
Our results clearly show that there are different defence mechanisms in action against viral or bacterial infections in the Atlantic salmon. When fish with acute IPN where challenged with ISAV, we observed a significantly reduced mortality compared with the group infected with ISAV alone. Similar results were observed in 2 different experiments using varying ISAV infectivity, independent of different mortalities due to IPN in the 2 experiments. Our preliminary results show that serum components isolated from fish with acute IPN have anti-viral properties (unpubl.). It is well documented that fish produce interferon (IFN) or IFN-like agents in response to different viral infections including IPNV, and that the IFN production coincides with virus multiplication (de Kinkelin & Dorson 1973 , Dorson et al. 1992 , Hedrick et al. 1994 , Chinchar et al. 1998 . If IFN is the main cause of the protection against ISAV found in our study, these reports support the observations that only fish with acute IPN, i.e., actively producing IPNV, were protected against ISAV. However, unspecific immunological responses can be caused by several factors other than IFN. In vitro studies of double infections with different fish viruses have revealed some possible mechanisms behind such virus infections in fish (Chinchar et al. 1998 , Alonso et al. 1999 ), but still little is known about how the fish deal with different double infections and what consequences they may have for the fish.
